Abstract. The primary factor associated with poor survival rate in patients with colorectal carcinoma (CRC) is the presence of metastasis. The underlying molecular mechanisms of CRC metastasis are yet to be fully elucidated. The present study investigated the function of heat shock protein 27 (Hsp27) on the invasion and proliferation of CRC cells. The clinical significance of Hsp27 was evaluated using tissue microarray analysis (n=81). Invasion and metastasis assays were used to determine the function of Hsp27 in CRC metastasis in vitro and in vivo using RNA interference and the ectopic expression of Hsp27. The upregulation of Hsp27 has been frequently identified in CRC tissues. Patients with CRC and a high expression level of Hsp27 have a reduced overall survival rate. Silencing Hsp27 inhibited the growth and invasion of CRC cells in vitro and in vivo, whereas ectopic overexpression of Hsp27 promoted the proliferation and invasion of CRC cells in vitro. Furthermore, depletion of Hsp27 expression inhibited the epithelial-to-mesenchymal transition (EMT), whilst ectopic overexpression of Hsp27 induced EMT. The results of the present study indicated that Hsp27 serves an important function in the aggressiveness of CRC through inducing EMT. Hsp27 suppression may represent a potential therapeutic option for the suppression of CRC progression.
Introduction
Colorectal carcinoma (CRC) is the third most common malignant cancer and the second most common cause of cancer-associated mortality globally (1) . The quality of life and the 5-year survival rate remain low in patients with CRC, primarily due to the presence of metastasis at the time of initial diagnosis. Although a large number of proteins and signaling pathways have been identified as associated with metastasis in patients with CRC, the underlying molecular mechanisms of CRC metastasis have yet to be fully elucidated (2) (3) (4) .
Heat shock protein 27 (Hsp27) is a small, ubiquitous heat shock protein, which has an important function in regulating the balance between cell death and survival. Hsp27 expression is induced under stress conditions to allow cells to adapt to cellular stresses, including protein misfolding, aggregation and denaturation (5) . Previous studies have established that Hsp27 is an important mediator in cancer progression through the prevention of apoptosis in transformed cells. Cancer tissues have a hypoxic and ischemic microenvironment, so Hsp27 expression is increased in a number of malignancies, including lung (6) , prostate (7), gastric (8) , breast (9) and CRC (10) . Hsp27 inhibition using OGX-427, a targeted inhibitor, may synergistically enhance the activity of numerous chemotherapies (11) (12) (13) .
Previous studies have established that Hsp27 may also serve an important function in cancer metastasis. Hsp27 promotes migration and invasion in breast cancer cells (9, 14) . It may mediate the epithelial-to-mesenchymal transition (EMT) in lung cancer cells and kidney fibrosis (15, 16) . Shiota et al (7) reported that Hsp27 was required for interleukin (IL)-6-mediated EMT via the modulation of signal transducer and activator of transcription 3/Twist signaling. Hsp27 suppression may also be a promising therapeutic strategy for metastasis of prostate cancer (7, 17) . However, the biological functions of Hsp27 in the development and metastasis of CRC are yet to be fully understood, and the mechanism underlying how Hsp27 exerts its function requires further investigation.
The results of the present study indicated that Hsp27 has an important function in the development of a poor prognostic phenotype in patients with CRC. Overexpression of Hsp27 promoted the invasiveness of CRC cells, whereas the knockdown of Hsp27 in CRC cells suppressed cell invasive and proliferative capacity in in vitro and in vivo experiments. The present study also reported a function for Hsp27 in inducing EMT in CRC cells, which may have implications for metastasis in CRC. Overall, these results suggested that Hsp27 is a predictive factor for the survival outcome of patients with CRC, and that Hsp27 may be a potential therapeutic target for the treatment of CRC metastasis.
Materials and methods

Immunohistochemical analysis of tissue microarrays (TMA).
TMA were constructed using formalin-fixed, paraffin-embedded tissue samples. Tumor samples were collected from 81 patients with colorectal cancer who underwent surgery at Shanghai Jiangong Hospital (Shanghai, China), from January 2008 to December 2013 and TMAs were constructed by Shanghai Biochip Co., Ltd. (Shanghai, China). Clinicopathological characteristics of CRC patients are presented in Table I . Patients did not receive any treatment prior to surgery. The tumor stage was determined according to the 2010 American Joint Committee on Cancer and International Union Against Cancer tumor-node-metastasis classification system (18) . All tumor samples were acquired at the time of operation and fixed with paraformaldehyde (4%) at room temperature for 24 h. Overall survival was defined as the interval between the date of surgery and mortality. Surviving patients were censored at the last follow up. Ethical approval was obtained from the Research Ethics Committee of Shanghai Jiangong Hospital (Shanghai, China) and written informed consent was obtained from each patient.
Immunostaining was performed on tissue microarray slides with specific primary antibodies against Hsp27. Paraffin sections were deparaffinized in xylene and rehydrated through decreasing concentrations of ethanol (100, 95 and 85%, 5 min each). Antigens were retrieved by microwave irradiation in a microwave oven for 3 min in pH 6.0 citric buffer and cooled at room temperature for 60 min. Endogenous peroxidase activity was blocked by incubation of the slides in 3% H 2 O 2 /PBS, and nonspecific binding sites were blocked with 10% goat serum (Thermo Fisher Scientific, Inc). Primary antibodies were diluted as follows: Mouse monoclonal antibody against Hsp27 (cat. no. 2402; 1:200; Cell Signaling Technology, Inc., Danvers, MA, USA). An EnVision Detection kit (GK500705: Gene Tech, Shanghai, China) was used to visualize tissue antigens. Immunohistochemical score was independently assessed by 2 blinded pathologists (Shanghai Jiangong Hospital, Shanghai, China). The percentage of positive cells was divided into 4 grades: 0-25, 1; 26-50, 2; 51-75, 3; and >75%, 4. The intensity of the staining was divided into 4 grades (intensity scores): No staining, 0; light brown, 1; brown, 2; and dark brown, 3. The immunostaining score was evaluated on the basis of percentage score x intensity score. Overall scores of 0-6 or 7-12 were defined as weak or strong staining, respectively. The integrated optical density was measured using Image-Pro Plus v6.0 software (Media Cybernetics, Inc., Rockville, MD, USA).
Cell culture. The HT29, HCT116 and LOVO CRC cell lines were obtained from the American Type Culture Collection (Manassas, VA, USA). The cells were cultured in Dulbecco's modified Eagle's medium (DMEM; Thermo Fisher Scientific, Inc) supplemented with 10% fetal bovine serum (FBS; Thermo Fisher Scientific, Inc) and antibiotics (100 U/ml penicillin, 100 mg/ml streptomycin), and cultured in an atmosphere containing 5% CO 2 at 37˚C.
Gene constructs, lentivirus production and transfection. The Hsp27-RNA interference lentiviral vector was constructed by GeneChem Co., Ltd., (Shanghai, China). A total of 3 double-stranded oligonucleotides specifically targeted to Hsp27 mRNA were inserted into the short hairpin (sh)RNA expression plasmid vector pGCSIL-green fluorescent protein (GFP). The cDNA encoding Hsp27 was amplified using polymerase chain reaction (PCR) and cloned into the pGC-FU-GFP vector. The lentivirus was generated and harvested as described previously (19) . Cells were seeded in 6-well platesat a density of 2x10 4 /well, and 2 ml DMEM with 1% penicillin-streptomycin and 10% FBS was added to each well. Viral particles at a multiplicity of infection (MOI) of 2.5, 5, 10, 20, 50, and 100 were added to the wells. Following incubation at 37˚C in 5% CO 2 for 24 h, the virus-containing medium was removed and replaced with 2 ml fresh culture medium per well. The transduction efficiency was determined daily with an inverted fluorescent microscope and was quantified by measuring the GFP-expressing cells as a percentage of the total number of visible cells. Control cells were transfected with an empty control vector.
Reverse transcription-quantitative (RT-q)PCR.
Total RNA was extracted from cells and tissues using TRIzol reagent (Thermo Fisher Scientific, Inc., Waltham, MA, USA). Total RNA was reverse transcribed using RevertAid First-Strand cDNA Synthesis kit (Thermo Fisher Scientific, Inc.). Hsp27 mRNA levels were determined by qPCR using SYBR Premix Ex Taq (Takara Biotechnology Co., Ltd., Dalian, China). Then Set up the experiment and the following PCR program: 1. 50˚C 2 min, 1 cycle; 2. 95˚C 10 min, 1 cycle; 3. 95˚C 15 sec, 60˚C 30 sec, 72˚C 30 sec, for 40 cycles; 4. 72˚C 10 min, 1 cycle. The expression levels were normalized against GAPDH. The relative expression level of Hsp27 was determined using the following equation: 2 -ΔΔCq (ΔCq=ΔCq target -ΔCq GAPDH ) (20) . RT-qPCR primer sequences are listed as following: Hsp27, forward, ACG GTC AAG ACC AAG GAT GG and reverse, AGG GAG GAG GAA ACT TGG T; E-cadherin, forward, CAC CTG GAG AGA GGC CAT GT and reverse, TGG GAA ACA TGA GCA GCT CT; n-cadherin, forward, ATG TGC CGG ATA GCG GGA GC and reverse, TAC ACC GTG CCG TCC TCGTC; vimentin, forward, CTT GAA CGG AAA GTG GAA TCCT and reverse, GTC AGG CTT GGA AAC GTC C; ZO-1, forward, AAG TCA CAC TGG TGA AAT CC and reverse, CTC TTG CTG CCA AAC TAT CT; GAPDH, forward, CGT ATT GGG CGC CTG GTC AC and reverse, ATG ATG ACC CTT TTG GCT CC.
Western blot analysis. Western blot analysis was performed as previously reported (21) . Briefly, cell lysates were prepared with a Tissue-Protein Extraction reagent (Thermo Fisher Scientific, Inc.). The concentration of total protein was determined using a bicinchoninic acid assay kit, according to the manufacturer's protocol (Thermo Fisher Scientific, Inc.). Proteins were separated by SDS-PAGE and transferred onto polyvinylidene difluoride membranes. The membranes were washed, blocked, and incubated with anti-Hsp27 (cat. no. 2402; dilution Cell Counting assay. Cell proliferation was determined using a CCK-8 assay. Cells were seeded at a density of 2x10 3 cells/well in 96-well plates, which were cultured in 100 µl DMEM. Following culture for 24, 48, 72 or 96 h, 10 µl CCK-8 (Dojindo Molecular Technologies, Inc., Kumamoto, Japan) was added to each well, and then the 96-well plates were incubated at 37˚C for 4 h. The staining intensity of the medium was measured at a wavelength of 450 nm using a microplate reader.
Cell invasion assays. The cell invasion assays were conducted using an 8-µm pore size Transwell chamber (Corning Incorporated, Corning, NY, USA) coated with Matrigel. DMEM supplemented with 10% FBS was added to the lower chamber as a chemoattractant. Cells (5x10 4 ) were suspended in DMEM supplemented with 1% FBS and plated into the upper chamber. Following incubation for 48 h, the cells on the bottom were fixed with paraformaldehyde (4%) at room temperature for 1 h and stained using crystal violet (0.05% w/v) for 1 h. The invasive cells were imaged at x200 magnification and counted using a light microscope (5 fields/group).
Xenograft mouse model. Animal studies were approved by the Animal Ethics Committee of Shanghai Jiangong hospital. All of the mice (n=12) were purchased from Shanghai SLAC Laboratory Animal Co., Ltd., and housed according to the protocols approved by the Shanghai Medical Experimental Animal Care Commission (Shanghai, China). HCT116 cells (with stably silenced Hsp27 expression or mock cells; 1x10 7 cells) were suspended in 100 µl serum-free DMEM and subcutaneously injected into the upper flank of each mouse (6 per group, male BALB/c-nu/nu, 8 weeks old, the average weight of these mice were 20 g). Tumor growth was measured each week. Then, the mice were sacrificed on day 30 following the cell injection. At necropsy, the tumors were analyzed for largest (a) and smallest (b) diameters, and the tumor volume was calculated as V=a xb 2 /2. For the lateral tail vein metastasis model, 2x10 6 HCT116-Mock and HCT116-sh-Hsp27 cells were suspended in 200 µl serum-free DMEM and injected into the lateral tail vein of the nude mice. All the mice were sacrificed on day 40 following the cell injection. In vivo tumor formation and metastases were analyzed using hematoxylin and eosin staining.
Statistical analysis. Data were represented as the mean ± standard error of the mean of ≥3 independent experiments. Statistical analysis was performed using SPSS v15.0 for Windows (SPSS, Inc., Chicago, IL, USA). Kaplan-Meier analysis was performed for survival analysis. Quantitative variables were analyzed using the Student's t-test. P<0.05 was considered to indicate a statistically significant difference.
Results
Hsp27 is frequently overexpressed in human CRC and predicts poor prognosis for patients with CRC.
To investigate the function of Hsp27 in CRC, the expression of Hsp27 in human CRCs was evaluated. Immunohistochemical staining for Hsp27 was performed using tissue microarrays, which contained 81 pairs of CRC specimens and corresponding normal colorectal mucosal tissues. Representative images of Hsp27 expression are presented in Fig. 1A . The immunohistochemistry results indicated that Hsp27 was frequently increased in CRC specimens compared with corresponding normal colorectal mucosal tissues (P<0.01; Fig. 1B) .
In addition, the prognostic value of Hsp27 in patients with CRC was investigated. Levels of Hsp27 protein in tumor tissues were classified as strong expression in 39 patients (39/81, 48.1%) and weak expression in 42 patients (42/81, 51.9%). Representative images of Hsp27 expression were presented in Fig. 1C . Kaplan-Meier analysis identified that the mean overall survival time for patients with overexpression of Hsp27 was 50.00 months compared with patients with a low expression of Hsp27 (log-rank test, P=0.031; Fig. 1D ).
Hsp27 enhances cell migration and invasion in CRC in vitro.
The results of the present study have demonstrated that Hsp27 is frequently overexpressed in patients with CRC and associated with poor prognosis. Therefore, it is possible that Hsp27 may be involved in CRC metastasis. Lentivirus-mediated shRNA was used to knock down the expression of Hsp27 in HCT116 and LOVO cells. The knockdown efficiency was verified using western blot and RT-qPCR ( Fig. 2A-D) . As presented in Fig. 2E-F , the knockdown of Hsp27 significantly inhibited cell proliferation of HT116 and LOVO cells, as measured by CCK-8 assay (P<0.05; Fig. 2E and F, respectively) . Matrigel invasion assays identified that decreased expression of Hsp27 impaired the invasive abilities of HCT116 and LOVO cell lines (P<0.01; Fig. 2G and H, respectively) .
To further investigate the effect of Hsp27 on CRC progression, Hsp27 was stably expressed in HT29 cells, which have a low expression level of endogenous Hsp27. The effective overexpression of Hsp27 in HT29 cells was confirmed using RT-qPCR and western blotting (Fig. 3A and B, respectively) . Overexpression of Hsp27 promoted cell proliferation of HT29 cells (Fig. 3C) . The Matrigel invasion assay demonstrated that overexpression of Hsp27 markedly increased the invasive potential of HT29 cells compared with mock cells (P<0.05; Fig. 3D and E) . Collectively, these results indicated the functional significance of Hsp27 in promoting an aggressive phenotype in CRC cells. 
Expression levels of Hsp27 influence EMT in CRC cell lines.
The EMT is the series of events that converts epithelial cells into migratory cells, and it is associated with tumor metastasis. Therefore, the involvement of EMT in the Hsp27-mediated alteration of invasive potential of CRC cells was investigated. The alteration of EMT markers between Hsp27-shRNA and their parental cells was investigated using RT-qPCR and western blotting. The silencing of Hsp27 in CRC cells induced the expression of E-Cad and ZO-1 epithelial markers, and this was accompanied by a concomitant reduction of the mesenchymal markers, N-Cad and Vimentin (Fig. 4) . Therefore, these data suggested a loss of mesenchymal-like features and reacquisition of epithelial characteristics in Hsp27-depleted CRC cells.
However, HT29 cells exhibited a downregulation of E-cadherin and ZO-1, and an upregulation of N-Cad and Vimentin following the ectopic overexpression of Hsp27, as assessed by RT-qPCR and western blotting analysis (Fig. 4) . These results indicated that the expression levels of Hsp27 may influence the EMT of CRC cells in vitro.
Hsp27 promotes CRC progression and metastasis in vivo.
To investigate the involvement of Hsp27 in CRC proliferation in vivo, HCT116 cells were treated with a lentivirus targeting Hsp27 to create a HCT116-shRNA cell line that stably downregulated Hsp27 compared with the parental cell line. The HCT116 cells (1x10 7 ) with stably silenced Hsp27 expression or mock cells were suspended in 100 µl serum-free DMEM and then subcutaneously injected into the upper flank of 6 mice for each condition. The comparison of the tumors from the Hsp27 shRNA group and mock group are presented in Fig. 5A-C . The tumor volume in the control group was significantly increased compared with that in the Hsp27 shRNA group (P<0.01).
For the lateral tail vein metastasis model, the number of lung metastatic nodules was significantly higher in mice injected with HCT116 cells compared with those in mice injected with Hsp27-shRNA HCT116 cells (P<0.01). These in vivo experiments suggested a function for Hsp27 in the promotion of CRC metastasis ( Fig. 5D and E) .
Discussion
Hsp27 expression is induced by heat shock and environmental or pathophysiological stresses, and Hsp27 is a multidimensional protein that functions as a protein chaperone and an antioxidant (22) . This protein serves an important function in cell survival and actin cytoskeletal remodeling (22) . In numerous types of cancer, Hsp27 is upregulated and associated with poor prognosis (6, 23) . It is also involved in treatment resistance by protecting cells from therapeutic stressors, including androgen or estrogen withdrawal (13) , radiation (24) and cytotoxic chemotherapy (11, 12) . However, the effect of Hsp27 expression on the survival of patients with CRC and the underlying molecular mechanism by which HSP27 regulates CRC cell aggressiveness remains to be elucidated.
Previous studies have typically focused on the function of Hsp27 in the inhibition of apoptosis. It has been reported that Hsp27 also has an important function in cancer metastasis (14, 17) . The association between Hsp27 and cancer metastasis has been widely investigated in numerous types of cancer, including HCC (25, 26) , prostate cancer (7), esophageal squamous cell carcinoma (27) and breast cancer (9) . However, the biological functions of Hsp27 in CRC metastasis require further investigation. In the present study, the protein levels of Hsp27 were analyzed using a CRC TMA containing 81 pairs of CRC tissues (carcinomatous and non-neoplastic human colorectal tissues). These results indicated that the staining density of Hsp27 was increased compared with that observed in non-neoplastic human colorectal tissues. In addition, the Kaplan-Meier analysis demonstrated that high levels of Hsp27 are associated with poor prognosis in patients with CRC. These data indicated that Hsp27 may be an important mediator in the metastasis and invasion of CRC. Therefore, the overexpression of Hsp27 may promote the proliferation and invasion of CRC cells in vitro. However, shRNA-mediated gene suppression of Hsp27 induced a marked reduction in cell proliferation and invasion. It was therefore hypothesized that Hsp27 may be a prognostic factor for patients with CRC and have a pro-metastatic function in CRC. These results identify a potential function of Hsp27 as part of an underlying biological mechanism in the progression of CRC.
Cordonnier et al (17) demonstrated that Hsp27 regulated EGF/β-catenin-mediated EMT in prostate cancer. Shiota et al (7) reported that Hsp27 is a regulator of IL-6-dependent and -independent EMT, and this was concordant with this chaperone being a therapeutic target to treat metastatic prostate cancer. Pavan et al (28) indicated that Hsp27 is required for the invasion and metastasis promoted by hepatocyte growth factor. Furthermore, Hsp27 participates in the maintenance of breast cancer stem cells via the regulation of EMT and nuclear factor-κB (14) . However, the exact underlying mechanism of how Hsp27 functions in CRC metastasis remains to be determined. An important result in the present study is that Hsp27 was associated with EMT in CRC, and may independently drive EMT. This may be associated with its function in cell invasion and metastasis. The results of the present study demonstrated that Hsp27 silencing increased the expression of E-Cad and ZO-1 epithelial markers and reduces the expression of the mesenchymal markers, N-Cad and Vimentin. In Hsp27-overexpressing HT29 cells, increased expression levels of mesenchymal markers (N-Cad and Vimentin) were observed, as well as an increased invasive ability. As EMT has an important function in cancer invasion and metastasis, these data are concordant with a function for Hsp27 in CRC metastasis.
In conclusion, the present study identified the involvement of Hsp27 in EMT and suggested that Hsp27 has an oncogenic function in CRC progression. Furthermore, these results demonstrated that the overexpression of Hsp27 in CRC is a potential indicator for aggressiveness in tumors and a poor clinical outcome. Therefore, Hsp27 may represent a novel therapeutic target for the management of CRC metastasis.
